Suboptimal fetal growth is a strong risk factor for perinatal morbidity and mortality (1) (2) (3) . Similarly, low birth weight is associated with adverse long-term health outcomes, including coronary heart disease, hypertension, and stroke (4) . Placental dysfunction has been implicated in suboptimal fetal growth and low birth weight, because of the critical role the placenta plays in regulating fetal growth, which includes producing hormones and transporting oxygen, nutrients, and waste (5) . Features of gross placental morphology, including thickness, surface area, and shape, may reflect unique aspects of placental function, which may have different effects on fetal growth (6) . Associations between features of gross placental morphology and fetal growth among singleton pregnancies have been reported in several studies (6) (7) (8) (9) (10) . A limitation of these studies is inadequate consideration of some maternal and pregnancy characteristics, such as gestational age and maternal body size, which are related to placental and fetal development (6, 11, 12) .
The unique features of twins, such as shared genetics, gestational age, intrauterine environment, and parental characteristics, facilitate control of potential confounders of the relationship between placental morphology and birth weight. Owing to their shared characteristics, study of twins has been suggested as a potential means to elucidate the developmental programming of health outcomes (13, 14) . Although dichorionic twins may compete for space and resources, the underlying relationship between each twin and their respective placenta is comparable to that of a singleton pregnancy (13, 15) . Suboptimal fetal growth is also more common in twin pregnancies than in singleton pregnancies, with a prevalence of 15%-25%, which makes this an ideal population for studying the association between placental morphology and birth weight (16) .
Furthermore, evaluating relationships in twins may help elucidate reported sex-specific differences in placental development (17) (18) (19) . In particular, placentas of females are hypothesized to have more reserve capacity and improved ability to adapt and respond to insults and stressors as compared with placentas of males (17) . In addition, in a review article of animal and human studies, researchers indicated that placentas of males and females may be sensitive to stressors at different periods of gestation (20) . Evaluating relationships between placental morphology and birth weight within same-sex twin pairs may help elucidate these associations by improving control for shared insults affecting placental development and fetal growth, which may be difficult to measure.
Although fetal-placental weight ratio, umbilical cord insertion, and placental proximity in relation to birth weight have been evaluated in previous studies of dichorionic twins (21) (22) (23) , other features of gross placental morphology or sex-specific differences in the associations have been examined in few studies. The purpose of our study was to evaluate the associations of differences in placental morphology within twin pairs, including differences in thickness, 2-dimensional surface area, and intraplacental difference in diameters, with difference in birth weight. We hypothesized that greater discordance in features of placental morphology within a twin pair would be associated with a greater difference in birth weight, and that these associations would differ by sex.
METHODS

Study sample
To obtain a sufficiently large sample size, data on dichorionic twins from 3 completed studies were compiled for this analysis. These studies reflect a convenience sample of studies with placental morphology and birth weight data that we obtained permission to use. The analysis was restricted to 208 sets of live-born dichorionic twins with unfused placentas (Figure 1 ). Twin pregnancies with 1 or more stillbirths were excluded because of difficulty determining gestational age at the time of fetal death and potential differences in gestational age within the twin pair (24) . Twins with fused placentas were excluded because they may have lower birth weights as a result of placental crowding leading to restricted placental growth, rather than as a result of intrinsic individual placental development (23) . No exclusions were made on the basis of zygosity.
Eunice Kennedy Shriver National Institute of Child Health and Human Development Fetal Growth Studies. The twin component of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) study was a longitudinal study of fetal growth patterns in dichorionic twins. Women with dichorionic twin pregnancies were enrolled during the first trimester from 2012 to 2013 at 8 US sites. Details of the study design have been published (25, 26) . Of the 171 sets of dichorionic twins enrolled in the NICHD study, our analysis included the 60 sets of live-born twins with unfused placentas.
Stillbirth Collaborative Research Network. The Stillbirth Collaborative Research Network (SCRN) study was a population-based, case-control study of stillbirth. Enrollment occurred from 2006 to 2008 at 59 hospitals representing residents in 5 catchment areas of the United States. Details of the study design and sampling methods have been published (27) . Of the 93 sets of twins enrolled in the SCRN study, our analysis included the 19 sets of live-born, dichorionic twins with unfused placentas.
Collaborative Perinatal Project. The Collaborative Perinatal Project (CPP) was a longitudinal cohort study that enrolled women from 1959 to 1966 at 12 study sites in the United States (28) . Of the 615 sets of twins enrolled in the CPP, our analysis included the 129 sets of live-born, dichorionic twins with unfused placentas.
Data approval and collection
Each study was approved by appropriate institutional review boards. Participants in the NICHD and SCRN studies provided written informed consent and participants in the CPP provided verbal consent (common at the time) (29) . Our secondary analyses of data from the NICHD study and the CPP were exempt from institutional review board approval because the data were deidentified. Secondary analyses of SCRN data were approved by the institutional review board at Emory University. In all 3 studies, information on maternal, pregnancy, and neonatal characteristics were obtained by maternal interview and medical chart abstraction. In the NICHD study, genetic testing was conducted on placental samples, or buccal swabs if the placenta was not available, to determine the zygosity of samesex twins (26) . Zygosity was not evaluated in the SCRN study. In the CPP, zygosity of same-sex twins was determined by comparison of blood type, placental characteristics, and finger and palm prints (zygosity was never determined solely on the basis of finger and palm prints) (30) . In the NICHD study, placental data were abstracted from clinical pathology reports. In the SCRN study and the CPP, placental examinations were conducted by trained pathologists using standardized protocols (31, 32) . Examination protocols for gross placental morphology were fairly consistent across the 2 studies.
Placental measures
In the NICHD study, the location of the placental thickness measurement was at the discretion of the pathologist; in the SCRN study, placental thickness was measured at the thickest point; and in the CPP, placental thickness was measured at the center of the placenta. In all 3 studies, placental thickness was recorded to the nearest decimal place in centimeters. Because of evidence of digit preference in all 3 studies, measures of placental thickness were rounded to the nearest 0.5 cm.
Two-dimensional surface area was determined on the basis of the mathematical formula for the area of an ellipse, using the recorded maximum (a) and minimum (b) diameters: area = abπ/4. The difference in diameters was calculated by subtracting minimum diameter from maximum diameter within the same placenta for an individual twin. Differences of zero indicate circular placentas; larger differences indicate increasingly oval placentas.
Statistical analysis
To evaluate within-pair associations, we used linear regression to model difference in birth weight within a twin pair as a function of differences in the placental characteristics within a twin pair (model 3 in Carlin et al. (33) ). Consistent with suggested techniques, the intercept was constrained to pass through the origin, which results in consistent estimates regardless of how the differences are calculated (33) . We determined differences for continuous variables by subtracting the second-born twin (twin B) from the firstborn twin (twin A), regardless of which was the larger of the twins. The difference method is advantageous because it inherently controls for all shared measured and unmeasured confounders, such as maternal, paternal, and pregnancy characteristics, including gestational age. Difference models also account for inconsistencies across the studies, including temporal differences related to the varying decades of the studies.
In initial models, we evaluated the association between difference in birth weight and difference in each placental characteristic separately (3 models). We then modeled difference in birth weight as a function of differences in all 3 placental characteristics to evaluate the contributions of each placental characteristic independent of the other characteristics. We also evaluated a model adjusted for sex discordance, because this may confound the associations between difference in birth weight and differences in placental characteristics.
Our exposure and outcome measures did not consider overall size and the magnitude of the potential difference in placental characteristics and birth weight increases with increasing gestational age. To account for this, we additionally evaluated associations stratified by gestational age group (<32 weeks, 32-36 weeks, >36 weeks). We also conducted an analysis restricted to same-sex pairs to evaluate differences in the associations by sex.
As a secondary analysis, we estimated the associations between birth weight and placental characteristics with marginal models fitted using generalized estimating equations to account for correlations within twin pairs. This method allows for a more direct comparison with results of singleton analyses to better understand the generalizability of findings in twin pregnancies to those of singleton pregnancies. Unlike the difference models, characteristics shared within a twin pair, including study characteristics, are not controlled for by design. To account for confounding, we adjusted marginal models for potential confounders that were available in all 3 studies: maternal age, race/ethnicity, smoking, height, weight, parity, gestational age, sex, sex discordance, and study. Furthermore, the SCRN study oversampled births of less than 32 weeks' gestation, so we weighted the participants from this study to reflect the gestational age distribution of the NICHD study (10% were <32 weeks' gestation).
To facilitate comparison of the magnitude of the association across placental measures, reported estimates reflect a comparison of the 75th percentile to the 25th percentile of the characteristic for the total sample. This equates to evaluating a 0.8-cm difference in thickness, 75.3-cm 2 difference in surface area, and a 3.0-cm difference in difference in diameters within a twin pair. Statistical analyses were performed using SAS, version 9.4 (SAS Institute Inc., Cary, North Carolina) and SUDAAN, (34) .
RESULTS
Descriptive characteristics
In the overall sample, 26.0% of twins were same-sex male, 27.4% were same-sex female, and 46.6% were opposite sex (Table 1) . Among the same-sex twins evaluated for zygosity in the NICHD study and the CPP, 18 pairs (9.5%) were identified as monozygotic. Among the overall sample, 55.8% were born at term (≥37 weeks) and 71.2% of mothers were between 20 and 34 years old. The distributions of gestational age, maternal age, education, race/ethnicity, smoking, and parity were dissimilar across the 3 studies per differences in study design.
The average birth weight among all twins was 2,352.8 g (standard deviation, 693.7 g) ( Table 1) . Among the overall sample, the average placenta weighed 337.8 g, was 2.0-cm thick, had a surface area of 214.3 cm 2 , and had a 3.8-cm difference in maximum and minimum diameters. Within a twin pair, the difference in birth weight (twin A's weight minus twin B's weight, regardless of size) was 0.4 g ( Table 2 ). Differences in placental characteristics were also close to zero (thickness: 0.1 cm, area: 0.0 cm 2 ; difference in diameters: 0.3 cm). Differences in birth weight and continuous placental variables were normally distributed. The average absolute difference in birth weight within a twin pair (larger twin's weight minus smaller twin's weight) was 282.5 g. Average absolute differences in placental characteristics within a twin pair were 0.3 cm for thickness, 40.5 cm 2 for surface area, and 2.4 cm for difference in difference in diameters.
Analytic results
In modeling and graphical evaluations, associations between difference in birth weight and differences in the placental characteristics did not demonstrate gross violations of the linearity assumption. Among all twins, a difference in surface area of 75.3 cm 2 , which reflects the interquartile range, was positively associated with a difference in birth weight of 142.1 g (95% confidence interval (CI): 62.9, 221.3) within a twin pair, controlling for sex discordance (Figure 2 Table 2 ).
When stratified by gestational age group, the magnitude of the estimates for surface area diverged in difference models adjusted for sex discordance. The magnitude of the association was strongest among term births (178.8 g; 95% CI: 58.4, 298.5) as compared with births of less than 32 weeks' gestation (76.2 g, 95% CI: −45.0, 197.4) or births of 32-36 weeks' gestation (34.3 g, 95% CI: −87.0, 155.6) (Web Table 1 ).
When restricted to same-sex twin pairs, differences in surface area and thickness were strongly and independently associated with a difference in birth weight (Figure 3 , Web Table 3) . Furthermore, when same-sex male and female pairs were evaluated separately, the estimates of association diverged. Among same-sex male pairs, a 75.3-cm 2 difference in surface area was associated with a 265.8-g difference in birth weight within a twin pair (95% CI: 60.8, 470.8), whereas among same-sex female pairs, the magnitude of the association for a 75.3-cm 2 difference in surface area was only 133.0 g (95% CI: 15.7, 250.3). Similarly, there was a strong positive association for a 0.8-cm difference in placental thickness among same-sex male pairs (226.9 g, 95% CI: 35.2, 418.6) and no evidence of an association among same-sex female pairs (−7.3 g; 95% CI: −170.4, 155.8). 
DISCUSSION
Our results suggest a 75.3-cm 2 difference in placental surface area within a twin pair is associated with a 142.1-g difference in birth weight and a 0.8-cm difference in thickness is associated with a 73.2-g difference in birth weight. Furthermore, our results indicate that associations with surface area and thickness may differ by gestational age and sex. Associations were strongest among term births. In addition, differences in placental thickness and surface area were associated with larger differences in birth weight among same-sex male pairs as compared with same-sex female pairs.
The reported associations of placental thickness and surface area with birth weight were largest among term births, which may reflect the increased importance of placental size later in gestation. However, the magnitude of these associations may also be attributable to our difference calculation (i.e., twin A's weight minus twin B's weight, regardless of size), which does not incorporate the size of the larger twin to create a relative measure. Thus, larger differences in term births as compared with preterm births are expected because of increasing placental and fetal size across gestation (11, 12) .
The differences in the magnitude of the associations between male pairs and female pairs for placental thickness and surface area provide support for the hypothesized differences in male and female placental development (17) (18) (19) . We found that among same-sex male twins, differences in placental thickness and surface area were positively associated with a difference in birth weight; however, among same-sex female twins, the associations were attenuated. These differences indicate that growth of males may be more dependent on placental size than is growth of females, which is consistent with data suggesting that placentas of males have less reserve capacity or fewer adaptive changes to placental limitations (17, 18) . However, the confidence intervals for the estimates were wide and overlapping, which limits the conclusions that can be drawn from our results.
It is unclear whether our results can be generalized to singleton pregnancies, given differences in fetal growth between singleton and twin pregnancies (26) . To evaluate generalizability, we examined the associations between features of placental morphology and birth weight among all twins, using marginal models (Web Table 2 ). Our results were similar to results from the difference models and within the range of reported results for singleton pregnancies (8, 10) . Consistent results support similarities in the individual fetal-placental relationship between singleton and dichorionic twin pregnancies (13, 15) . The ability to generalize the twin difference results to singletons is advantageous because the difference models provide improved control of confounding related to the type and timing of insults that potentially affect placental and fetal growth. However, results from the marginal models are limited by the ability to control only for confounders that are available in all 3 studies. Furthermore, there are important differences in the study populations that may reflect temporal trends, because the CPP study was conducted 50-60 years before the SCRN and NICHD studies (Table 1) .
A limitation of our analysis is the relatively small sample size of 208 sets of dichorionic twins with unfused placentas. When stratified by gestational age group or sex composition, we may have been unable to detect small differences. Low variability in the features of placental morphology within a twin pair is also a limitation of our analysis. Low variability is of particular concern for placental thickness, because 58.9% of twin pairs had no difference in placental thickness.
Our results may also be affected by residual confounding. We were unable to control for zygosity as a potential confounder, because of the small number of twins identified as monozygotic. In addition, we were underpowered to evaluate associations in monozygotic twins, which would allow for near-perfect control of confounding by genetics. However, apart from the distribution of sex discordance, distributions of maternal and pregnancy characteristics were similar between monozygotic and dizygotic twins (Web Table 4 ). Although confounding by zygosity is a potential limitation, confounding by other variables shared within a twin pair, such as temporal trends and pregnancy characteristics, is not a concern for the difference analysis.
Strengths of the difference analysis include the use of dichorionic twins. This allowed for efficient control of shared factors within a twin pair, including gestational age and the intrauterine environment, and improved the ability to isolate specific contributions of placental size to birth weight. Analyzing differences within a twin pair also facilitated the use of data from 3 completed studies, because differences in the characteristics of the study populations and the quality of the measures across the 3 studies were controlled for by design. Characteristics of gross placental morphology of interest, and the methods used to evaluate these characteristics, were also similar across the 3 studies. In addition, evaluating associations within same-sex twin pairs allowed for improved estimation of sex-specific differences in the relationships between features of placental morphology and birth weight.
Overall, our results suggest that placental surface area, and potentially placental thickness, are positively associated with birth weight and that these relationships may differ by gestational age or sex. Our findings in dichorionic twins may provide insight into the physiology of the relationship between placental development and fetal growth. Specifically, surface area may reflect the number of spiral arteries supplying the placenta and thickness may reflect the branching of the chorionic villi, both of which contribute to the capacity for exchange of oxygen, nutrients, and waste (6, 35, 36) . Furthermore, the placenta is adaptive and may be able to expand the surface area to promote growth (35) . In future studies, longitudinal measures of placental development and fetal growth should be evaluated to better understand these relationships and evaluate the timing of critical aspects of placental development.
